Pathare G, Hoenderop JG, Bindels RJ, San-Cristobal P. A molecular update on pseudohypoaldosteronism type II. Am J Physiol Renal Physiol 305: F1513-F1520, 2013. First published October 9, 2013 doi:10.1152/ajprenal.00440.2013The DCT (distal convoluted tubule) is the site of microregulation of water reabsorption and ion handling in the kidneys, which is mainly under the control of aldosterone. Aldosterone binds to and activates mineralocorticoid receptors, which ultimately lead to increased sodium reabsorption in the distal part of the nephron. Impairment of mineralocorticoid signal transduction results in resistance to aldosterone and mineralocorticoids, and, therefore, causes disturbances in electrolyte balance. Pseudohypoaldosteronism type II (PHAII) or familial hyperkalemic hypertension (FHHt) is a rare, autosomal dominant syndrome characterized by hypertension, hyperkalemia, metabolic acidosis, elevated or low aldosterone levels, and decreased plasma renin activity. PHAII is caused by mutations in the WNK isoforms (with no lysine kinase), which regulate the Na-Cl and Na-K-Cl cotransporters (NCC and NKCC2, respectively) and the renal outer medullary potassium (ROMK) channel in the DCT. This review focuses on new candidate genes such as KLHL3 and Cullin3, which are instrumental to unraveling novel signal transductions pathways involving NCC, to better understand the cause of PHAII along with the molecular mechanisms governing the pathophysiology of PHAII and its clinical manifestations.
well-known syndrome by which the exquisite and finely regulated ion transport in the distal part of the nephron is impaired. This review summarizes the molecular causes of pseudohypoaldosteronism (75) that have been identified during the last decade.
PHA PHA (75) (OMIM no. 145260) is a rare, heterogeneous, inherited syndrome (5, 16, 24, 64) characterized mainly by the decreased response to aldosterone (40) . Symptoms arise as early as the prenatal period and/or early infancy and mainly consist of renal salt wasting with concomitant dehydration, hypotension, vomiting, and low weight gain. Laboratory findings include hyponatremia, hyperkalemia, and metabolic acidosis, due to increased sodium and decreased potassium excretion in the urine, high plasma renin levels, and high aldosterone levels in the plasma and urine (3, 4, 9) , indicating the absence of a renoprotective response to mineralocorticoids (40, 57) . Adrenal function and glomerular filtration rate (GFR) are normal. The gold standard for diagnosis is unresponsiveness to administration of exogenous mineralocorticoids (68, 69) . This, together with high plasma concentrations of renin and aldosterone gives a definitive diagnosis of PHA. PHA is further divided into two types, autosomal dominant and autosomal recessive.
PHA type 2 (PHAII; OMIM no. 145260), also known as Gordon syndrome or familiar hyperkalemic hypertension (FHHt), is a rare heterogeneous syndrome inherited in an autosomal dominant manner (28, 29) . PHAII is mainly characterized by hypertension, hyperkalemia, metabolic acidosis, diminished renal potassium excretion, hypercalciuria, and low plasma renin levels (47, 49) . Serum aldosterone levels are either low or normal. Adrenal gland function and glomerular filtration rate (GFR) are reported as normal in most cases. Some patients with severe hypercalciuria can present with low bone mineral density, partly due to increased fractional excretion of calcium over several years (49) . Symptoms related to the electrolyte disturbances and laboratory abnormalities can be detected as early as infancy (48) , while hypertension may be detected two to four decades later. Over 50% of the patients affected with the disease are identified before the onset of blood pressure disturbances. Nonetheless, even with a timely diagnosis and appropriate treatment, all patients will eventually develop hypertension at some point during their adult life (20, 66) . Patient lifestyle, gastronomic and cultural differences (mainly dietary salt intake), and mutations in relevant proteins could be reasons for the unpredictability of the onset of blood pressure disturbances in patients with PHAII (34, 37, 38, 84) .
PHAII patients can be treated successfully with a chronic low-salt diet, or with thiazide-type diuretics, which are pharmacological inhibitors of NCC (47) . Thiazide diuretics are an established treatment for correcting the clinical and laboratory manifestations of PHAII (47, 49) . Despite the clear role of NCC as one of the main candidates in the onset of PHAII, genomic linkage analysis demonstrated no significant association of mutations in the SLC12A3 gene on chromosome 16 in patients with PHAII (14) . This observation raised doubts that PHAII is caused by mutations that activate NCC. However, intravenous infusion of sodium sulfate increases renal clearance of potassium and simultaneously reduces serum potassium, which indicates that the mechanism of PHAII is dependent on chloride transport (21) .
PHAII has thus far been linked with four loci during the last few years (14) : 1) 1q31-q42, 2) 17p11-q21 (56), 3) 12p13.3, and 4) an as yet unidentified locus. PHAII mutations in these loci are inherited in the same autosomal dominant pattern (15) . The second and the third locus include the WNK4 (17q21.31) and the WNK1 (12p13.33) gene, respectively (11, 81) . The locus heterogeneity of PHAII was witnessed after positive linkage analysis was observed in two loci (chromosome 1q31-q42 and another in chromosome 17p11-q21) (85) . Furthermore, the genetic heterogeneity was confirmed in French kindreds, in which PHAII was linked to mutations in chromosome 12p13.3, and in another family no linkage was seen in the SLC12A3 gene or to chromosomes 1, 12, and 17 (13, 27, 81) .
Pathophysiology of PHAII
Although it is clear that hypertension in PHAII patients is a result of increased Na ϩ reabsorption via NCC, there are various mechanisms through which this can occur (Fig. 1) . Mutations in the genes encoding WNK kinases (WNK1 and WNK4) were identified in 2001 as causative factors for PHAII (81) . Recent animal studies suggest that WNK4 is upregulated in PHAII and loss of WNK4 results in a Gitelman-like syndrome (8) . Mutations that cause charge-changing amino acid substitutions within the kinase motif of WNK4 also abolish the inhibitory effect on NCC and result in PHAII (81) . Similarly, it is interesting to note that wild-type WNK4 inhibits NCC and mutated WNK4 stimulates NCC activity (59, 81) . In short, altered WNK expressions (particularly WNK4), whether due to mutations within the WNKs or the molecules that control WNKs, are the main culprit in the etiology of PHAII.
In PHAII, phosphorylation of NCC is always increased, suggesting that the Ste20-related proline alanine-rich kinase (SPAK)/oxidative stress-responsive kinase (OSR) 1 pathway is also activated (88) . Phosphorylation of NCC increases Na ϩ reabsorption in the DCT, which reduces Na ϩ and Ca 2ϩ reabsorption in the proximal tubule. WNK4 is known to activate the transient receptor potential V5 channel (TRPV5) (35) . Thus mutations in WNK4 could downregulate TRPV5 activity. It reduces Ca 2ϩ reabsorption in DCT, which may result in urinary calcium loss and osteoporosis. Hypercalciuria and osteoporosis are indeed other hallmark phenotypes of this disorder.
Hyperkalemia in PHAII has been connected to decreased urinary potassium excretion and increased inhibition of ROMK expression and activity on the cell surface. ROMK expression was, however, not changed in an in vivo model of PHAII analyzed by Yang et al. (88) . Decreased potassium reabsorption could also be a secondary effect of increased sodium reabsorption in DCT (74) . Furthermore, hyperkalemia and decreased urinary hydrogen excretion result in metabolic acidosis. The pathophysiology of hypertension in PHAII includes increased cell surface expression and/or activity of NCC, resulting in enhanced reabsorption of sodium and chloride. These changes in NCC arise in part due to mutations in WNK1 and WNK4, but it is likely that there are additional mutations that have not yet been described. Enhanced sodium reabsorption results in intercellular volume expansion and inhibits renin secretion, resulting in low plasma renin activity in all patients. Plasma aldosterone levels are variable, but are relatively low given the range of hyperkalemia (82) .
Main Players in Pathophysiology of PHAII
WNKs. The WNKs are a small family of serine/threonine kinases, so called because they lack a lysine residue in the kinase domain (lysineϭK) (81) . The role of the WNK family in the maintenance of normotensive blood pressure has been well established (Fig. 2) . There has been interest in parsing the activity of the individual WNK isoforms upon activation by aldosterone. Serum-and glucocorticoid-regulated kinase 1 (SGK1), which regulates ion channel levels at the cell surface, is activated by aldosterone and WNK4 (32) . WNKs share ϳ40% sequence identity overall (14% in the amino-terminal domain, 85% in the kinase domain, and 17% in the carboxylterminal domain). The conserved domains in their carboxylterminal regions are important for the protein-protein interactions required to regulate ion balance, cell proliferation, cell volume regulation, cell survival, cell signaling, and organ development. The expression of WNK1 is widespread throughout most of the body (11, 72, 85) , while WNK4 expression presents a more limited expression pattern. WNK1 has two isoforms. The L-WNK1 is the long isoform of WNK1 and is expressed ubiquitously. The other isoform, called KS-WNK1, is only present in the kidney (72) . The L-WNK1 isoform enhances Na ϩ reabsorption in the kidney and decreases K ϩ secretion, while KS-WNK1 has the opposite effects (79) . WNK4 has been reported in the brain, heart, lung, kidney, testis, epididymis, liver, pancreas, colon, and prostate (36) . These tissues are rich in epithelia involved in ion transport (67) . In the kidneys, WNK1 and WNK4 expression have been reported primarily in DCT, CNT and CD (36, 54, 81) . WNK1 is localized in the cytoplasm of epithelial cells of the DCT and CD, WNK1 expression is highest in the DCT, while sharply decreasing in the CD (54, 55) . However, WNK4 is localized in the tight junctions and cytoplasm of the DCT and CD. WNK4 is also expressed in the thick ascending limb of Henle's loop (TAL) (11, 36) .
The main function of WNKs in the distal part of the nephron is regulating ion handling for maintaining electrolyte balance. Many studies have been conducted in heterologous expression systems such as Xenopus laevis oocytes, cell lines, and transgenic animals, to fully elucidate WNK1 and WNK4 function. The current knowledge shows the myriad ways by which WNK regulates NCC activity: how it controls the amount of NCC at the cell plasma membrane (38, 83, 86, 88) , regulates degradation via the lysosomal pathway (7, 26, 72, 92) , and directs phosphorylation in the presence of hormones such angiotensin II (67, 91) . Additionally, there is evidence showing that WNK1 phosphorylates claudin 4 and increases paracellular chloride permeability (60) . WNK1 also enhances ENaC activity by indirectly inducing SGK1 phosphorylation. SGK1, in turn, phosphorylates and inhibits Nedd4 -2. This inhibits clathrin-mediated endocytosis of ENaC and, therefore, increases ENaC levels at the cell membrane (30) . WNK1 also activates SPAK and OSR1, which increase NKCC1 and NKCC2 activity and reduce the activity of the K ϩ -2Cl Ϫ cotransporter 3 (KCC3) (50) . It is also known to inhibit calcium entry through the TRPV4 channel by decreasing the expression of TRPV4 on the cell surface (19) . WNK1 has two isoforms. The L-WNK1 is the long isoform of WNK1 and is expressed in all cells throughout the body. The other isoform is called KS-WNK1 and is only present in the kidney (72) . The L-WNK1 isoform enhances sodium reabsorption in the kidney and decreases potassium secretion, while KS-WNK1 has opposite effects (79) .
Recent reports indicate that WNK4 has a major role in controlling NCC activity and is a critical player in the pathophysiology of PHAII. Several studies done in oocytes, transgenic mice, and human embryonic kidney 293 (HEK293) cells have shown that WNK4 is a negative modulator of NCC activity until its primary structure is changed, upon which it becomes an activator of NCC. (22) . Tacrolimus upregulates NCC activity in parallel with WNK4 (33), while norepinephrine upregulates NCC with downregulation of WNK4 (51) . Recent updates show that NCC phosphorylation in the kidney is highly dependent on WNK4 (8) . WNK4 modulates ROMK via WNK1 and WNK4 and the endocytic scaffold protein intersectin (52), forming two complexes consisting of ROMK interacting with WNK4 and WNK1-WNK4 interacting with intersectin (53). There are interesting findings from transgenic mice with respect to WNKs. Lalioti et al. (42) developed and studied WNK4 transgenic mice (Q562E) that display a phenotype closely resembling PHAII. They showed that mice overexpressing WNK4 with the PHAII mutation display hypertension, hyperkalemia, metabolic acidosis, and hypercalciuria. Interestingly, this phenotype was reversed by back crossing these mice with NCC knockout mice, clearly indicating that increased NCC activity is a hallmark of the PHAII phenotype (42) . In another study, Yang et al. (88) analyzed a second mouse model with one normal copy and one mutant copy of WNK4 (D561A). WNK4 knockin mice with a PHAII mutation show increased expression and phosphorylation of NCC. As expected, this mouse model exhibited hypertension and hyperkalemia, which was corrected by thiazide treatment. Urinary potassium excretion was also enhanced with sodium sulfate, although there was no increase in overall levels of ROMK (88) .
Recently, there have been ground-breaking discoveries in the field of WNK4 using animal models. The report published by Wakabayashi et al. (80) demonstrated that WNK4 protein levels are rather increased in WNK4 knockin (D561A) mice, which was not reported in the previous article by Yang et al. (88) . In 2012, Gamba et al. (8) analyzed total WNK4 knockout mice and found that total loss of WNK4 in mice leads to a Gitelman-like phenotype with mild hypokalemia, metabolic alkalosis, hypochloremia, hypomagnesemia without hypocalciuria, and hypotension. Mice heterozygous for WNK1 survive to adulthood; their blood pressure was moderately decreased, but they have no detectable abnormalities in levels of electrolytes or biochemical parameters in the blood and urine (89) . SPAK and OSR1. SPAK and OSR1 are two serine/threonine kinases belonging to the kinase subfamily VI. They have similar structures, sharing homology in their N-terminal catalytic domain and in two conserved regions known as the S-motif (70%) and the conserved C-terminal domain (80%) (77, 78) . SPAK and OSR1 are downstream regulators of WNKs, and they are present in several tissues, including the kidney. However, their expression is distinct: in the kidney, SPAK is present in the TAL and DCT (62) . On the other hand, NCC and NKCC2 are only present in the kidney, and in fact they colocalize to the same nephron segments as SPAK itself (62) . Phosphorylation of NCC and NKCC2 by SPAK/OSR1 has been highlighted by studying the phenotype of OSR1-and SPAK-deficient mouse models (62) . At least one of the intronic SNPs in STK39 (gene coding SPAK) appeared to increase SPAK expression, which could enhance NCC phosphorylation and hence salt retention and blood pressure. More recent studies demonstrated that SPAK and OSR1 kinases phosphorylate human NCC at three conserved residues (Thr46, Thr55, and Thr60) (63) . In vitro studies have shown that SPAK and OSR1 directly phosphorylate Thr203, Thr207, and Thr212 residues present at the N-terminal region of the human NKCC1 (78) . Knocking down SPAK leads to Gitelman syndrome.
Furthermore, SPAK has a major role in NKCC1 action in the vascular smooth muscle (12, 87) . Mouse protein-25 (MO25) is an emerging molecule characterized as a master regulator of SPAK/OSR1 (18) . Interestingly, MO25 isoforms strongly activate SPAK/OSR1 and therefore dramatically enhance their ability to phosphorylate cotransporters like NCC and NKCC2.
Different hormones have the ability to manipulate NCC expression and activity. It is clear that aldosterone, insulin, and vasopressin exert similar stimulatory effects on NCC (61) . Similarly, angiotensin II has a proven role in activating NCC (67) . As SPAK and OSR1 are WNK targets, it is interesting to speculate on the role of these hormones in a WNK/SPAK/ OSR1-NCC signaling cascade. A recent publication from the Uchida group (10) confirms that phosphorylation of NCC in the kidney is totally governed by the WNK-OSR1/SPAK signaling pathway. Moreover, the PHAII phenotype caused by the WNK4 mutant is also controlled by this signal cascade (10) . Hence the most recent data indicate SPAK/OSR1 are the ultimate candidates responsible for the PHAII phenotype, and inhibition of these kinases would be key to manage high blood pressure in PHAII.
KLHL3 and Cullin3. The role of WNKs in protein ubiquitination in PHAII has gathered considerable attention because of the discovery of two unique kinases KLHL3 and Cullin3 (25, 80) . Impaired function of Cullin3 in humans has been linked to various anomalies such as metabolic disorders, muscular, and neuronal degeneration (25 hence it could have a role in regulating NCC. Moreover, they showed that this particular gene is expressed in the DCT where it controls sodium reabsorption, which can be corrected with thiazide diuretics (46) . Thus KLHL3 colocalizes with NCC where it regulates NCC expression at the cell surface. Boyden et al. (6) identified another gene named Cullin3 as a new member of the complex signaling pathway regulating ion homeostasis in the DCT. They found that Cullin3 mutations are dominant and de novo, while KLHL3 mutations could be recessive or dominant. The study also illustrated that KLHL3 is related to the BTB-BACK-kelch family that ligates substrates for Cullin3-based ubiquitination. These two studies clearly establish a role for KLHL3 and Cullin3 as participants in the complex signaling pathway regulating sodium reabsorption, but there is further study needed to unravel the mechanism of sodium handling by these two genes. Recent publications have unraveled the role of KLHL3-Cullin3-WNK interaction and its role in the pathophysiology of hypertension. Takahashi et al. (73) reported that KLHL2 along with KLHL3 can be coimmunoprecipitated with all four WNK isoforms. The KLHL2-Cullin2 decreased the expression of WNK1, WNK3, and WNK4 in vitro by ubiquitination. (73) . Another elaborative study done by Shibata et al. (70) showed that mutations in both KLHL3 and WNK4 impair WNK4 binding, ubiquitination, and degradation and, therefore, PHAIIcausing mutations markedly increase the WNK4 expression in kidney in vivo On the other hand, Ohta et al. (59) reported that mutations in WNK4 disable its normal interaction with KLHL3 and further suggest that the CUL3-KLHL3 ligase complex regulates blood pressure through its ability to interact with and ubiquitinate WNK isoforms (59) . Recently, Wakabayashi et al. (80) showed that KLHL3 interacts with Cullin3 and WNK4, which induces ubiquitination of WNK4 and ultimately downregulates WNK4. PHAII-causing mutations attenuate these interactions and result in reduced ubiquitination of WNK4, which could be responsible for the hypertension phenotype. It can also be speculated that KLHL3 participates in NCC trafficking through its association with the actin cytoskeleton via its C-terminal Kelch domain (71) . However, it is now relevant to study these genes in animal models to analyze the conventional blood pressure phenotype.
Nedd4-2. Nedd4-2 is an ubiquitin ligase and is mainly responsible for endocytosis and lysosomal degradation. The role of Nedd4-2 as a regulator of ENaC and other ion channels has recently been a subject of considerable interest. After Nedd4-2 binding, ENaC undergoes ubiquitination and is subsequently targeted for internalization. This mechanism indicates that dysfunction of Nedd4-2 is more related to the pathophysiology of Liddle's syndrome than PHAII. However, some recent findings support a role in the pathophysiology of PHAII. Aldosterone is known to increase ENaC expression by promoting SGK1-mediated phosphorylation of ubiquitin-protein ligase Nedd4-2. Interestingly, aldosterone also activates NCC (39) . The Staub group (1) demonstrated that Nedd4-2 coimmunoprecipitates with NCC, and enhances NCC ubiquitination in a X. laevis model (1). They proposed that Nedd4-2 but not its inactive mutant decreases NCC activity and surface expression. Ronzaud et al. (65) confirmed, in a mouse model, that Nedd4-2 deficiency leads to hypertension through NCCmediated pathways. However, the particular phenotype observed did not display hyperkalemia, as ROMK levels were increased in the kidneys of Nedd4L knockout animals. As the research connecting SGK1 and Nedd4-2 is still in its nascent stages, further work is necessary to understand the mechanism.
Conclusion
PHAII is a rare heterogeneous syndrome involving the kidneys and vasculature. The symptoms include hypertension, hyperkalemia, and metabolic acidosis. Researchers have described the remarkable efficacy of thiazide diuretics for the treatment of hypertension and other biochemical abnormalities seen in PHAII patients (Fig. 3) . This observation led to the conclusion that PHAII is caused by gain-of-function mutations in NCC. In the last 10 years, several research groups have identified novel proteins involved in the pathogenesis of PHAII, namely, WNK1, WNK4, OSR1, SPAK, KLHL3, Cullin3, and Nedd4-2. The expression of these proteins in the kidney is limited to the DCT and CD. Although PHAII is a rare disorder, unraveling the underlying mechanisms of PHAII would contribute to a better understanding of the function of the distal part of the nephron and of the pathophysiology of renal diseases. Additional insights are expected from future studies, using exome sequencing from patients, in vitro models, and transgenic animal models. 
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the authors.
AUTHOR CONTRIBUTIONS
Author contributions: G.P. and P.S.-C. prepared figures; G.P. and P.S.-C. drafted manuscript; G.P., J.G.H., R.J.B., and P.S.-C. edited and revised manuscript; G.P., J.G.H., R.J.B., and P.S.-C. approved final version of manuscript; R.J.B. interpreted results of experiments.
